Females of many species select their mates on the basis of the size or intensity of sexual ornaments, and it has been suggested that these provide reliable signals of a male's ability to resist parasites and pathogens. European earwigs, Forficula auricularia , are sexually dimorphic in forceps shape and length. Male forceps are used as weapons in male contests for access to females, but recent findings suggest that females also choose males on the basis of their forceps length. In the present study, we tested the hypotheses that in the European earwig, F. auricularia , the size of forceps is correlated with immune function and that immune function differs between the sexes. We found that encapsulation rate was not correlated with the length of forceps in either sex, but was negatively correlated with body size. By contrast, lytic activity of the haemolymph increased with overall body size in both sexes but, in females, lytic activity increased with relative forceps length whereas, in males, it decreased with relative forceps length. After accounting for effects of body size, there was no remaining significant correlation in females but the negative correlation in males remained. Furthermore, we found that males had higher encapsulation rate and higher lytic activity than females, suggesting that males have stronger immune defence. The results of the study indicate that the size of forceps in male earwigs does not reliably reflect male immune defence.
INTRODUCTION
Indicator models of sexual selection propose that secondary sexual ornaments preferred by females may reliably signal male health and vigour by acting as handicaps (i.e. characters that impose costs to their bearer) (Zahavi, 1975 (Zahavi, , 1977 Heywood, 1989; Grafen, 1990 ; but see also Getty, 2002) . It has been suggested that one such possible cost is an increased susceptibility to parasites and pathogens (Folstad & Karter, 1992) , which could influence the development and maintenance of secondary sexual ornaments through two major mechanisms. First, in cases where the acquisition of important metabolites for ornamental development results in increased exposure to parasites and pathogens, ornaments may reveal an individual's ability to tolerate parasite exposure (Folstad et al ., 1994) . Second, because development and/or maintenance of secondary sexual ornaments may impose costs to a male's immune defence, they may honestly signal a male's parasite resistance (Folstad & Karter, 1992) . For example, if resources must be diverted away from immune function to maximize the expression of a trait, males may suffer increased susceptibility to parasites and pathogens (Folstad & Karter, 1992; Sheldon & Verhulst, 1996) . Thus, only males in good condition or with high immunocompetence, or both, can afford to allocate resources to large ornaments, which should produce a positive correlation between immune defence and the expression of costly secondary sexual characters (Westneat & Birkhead, 1998; Rantala, Kortet & Vainikka, 2003b) .
Because they lack sex-specific hormones such as testosterone, insects offer a unique opportunity for testing hypotheses regarding trade-offs linked to immune function. Although insects possess a less complex immune system than vertebrates, they do show both condition-dependence of secondary sexual traits (Bjorksten, Fowler & Pomiankowski, 2000; Rantala et al ., 2003b ) and a cost of mounting and maintaining an immune response (Moret & Schmid-Hempel, 2000; Jacot, Scheuber & Brinkhof, 2004) . Furthemore, juvenile hormone has recently been shown to have a dualistic effect on sexual signalling and immunosupression, suggesting that it may be the hormonal analogue to testosterone maintaining honesty in insect sexual signalling (Rantala et al ., 2003b ; see also Rolff & Siva-Jothy, 2002) .
Recently, studies of secondary sexual traits in insects, such as wing pigmentation in damselflies (Rantala et al ., 2000; Siva-Jothy, 2000) , courtship song in the mediterranean field crickets, Gryllus bimaculatus (Rantala & Kortet, 2003) , calling song in the house crickets, Acheta domestica (Ryder & Siva-Jothy, 2000) and the black field crickets, Teleogryllus commodus (Simmons, Zuk & Rotenberry, 2005) , and pheromones of mealworm beetles, Tenebrio molitor (Rantala et al ., 2002; 2003a, b) , all show correlations with female preference and male immune function. Likewise, in the drumming wolf spider, Hygrolycosa rubrofasciata , there is a positive correlation between drumming and immune defence and increased drumming effort reduces immune function (Ahtiainen et al ., , 2005 . Furthermore, success in male-male competition is associated with male immune function in crickets and damselflies (Koskimäki et al ., 2004; . However, to our knowledge, no study has tested whether the size of sexual ornaments that are also used as weapons are associated with immune function in insects.
Insect model systems have become increasingly popular in ecological immunology research and various methods have been used to estimate their ability to resist parasite and pathogens (Rolff & Siva-Jothy, 2003) . One of the most informative and easiest ways to assay innate immune defence in insects is to measure the magnitude of the encapsulation response against a piece of nylon monofilament (Cotter, Kruuk & Wilson, 2004; Fedorka, Zuk & Mousseau, 2004; Rantala, Ahtiainen & Suhonen, 2004; Kapari et al ., 2006) . Encapsulation is a nonspecific, constitutive, cellular response through which insects defend themselves against multicellular pathogens such as nematodes, fungi and parasitoids (Gillespie, Kanost & Trenczek, 1997) , but it also plays a role in defence against viruses (Washburn, Kirkpatrick & Vokman, 1996) . The humoral immune response targets microbial pathogens and is characterized by the rapid production of a number of small antimicrobial peptides. An enzyme thought to be important in the nonspecific immune response of insects against bacterial infection is lysozyme, which hydrolyses β 1,4 linkages in the peptidoglycan of bacterial cell walls (Götz & Tremczek, 1991) . Lysozyme activity of insect haemolymph can be readily assayed by the clearance rate of bacterial suspension by an individual's haemolymph (Rantala & Kortet, 2003 .
European earwigs, Forficula auricularia L., are sexually dimorphic in forceps size and shape, with those of the male being longer and more curved. Within males, forceps length and shape is also dimorphic, with one morph having short and highly curved forceps ( = brachylabic) and the other having forceps that are relatively long and straight ( = macrolabic; Tomkins & Simmons, 1996) . It is generally assumed that male forceps play a role only as weapons in male contests for access to females, but recent findings suggest that females also choose males on the basis of their forceps length (Tomkins & Simmons, 1998) and the size of forceps is highly condition dependent (Tomkins, 1999) . The aim of the present study was to test the predictions of the immunocompetence handicap hypothesis that: (1) the size of forceps is correlated with male immune function and (2) males have lower immune function than females.
MATERIAL AND METHODS
The European earwig is a native of the Old World and has been introduced into California in the 1920s (Langston & Powell, 1975) . The earwigs used in this study were descended from c . 100 gravid females collected from the campus of the University of California, Riverside, in November 2003. Offspring from the field-collected adults were raised in cages (4-L buckets) at a constant temperature of 28 ° C under a 15 : 9 h light/dark photoperiod. Earwigs were fed an unrestricted amount of crushed Purina rabbit chow and fish flakes. Water was provided by a soaked cheese cloth wick connected to a water reservoir in a second bucket into which the first bucket was suspended. Buckets were checked daily and, when earwigs reached the last instar, females were separated from males, thereby maintaining all individuals as virgins. Individuals were c . 30 days posteclosion into the adult stage and sexually mature at the beginning of the experiments. Because the two central traits of our study (i.e. encapsulation response against a nylon monofilament and antibacterial responses of haemomlymph) cannot be measured on the same individual, we randomly divided individuals between immune assays.
M ORPHOLOGICAL TRAITS
Before carrying out the immunological assays (see below), we measured the fresh body mass of all individuals to the nearest 0.0001 g. After the immunological analysis earwigs were killed by freezing them at − 20 ° C and the earwig body was photographed under a light microscope with a digital video recorder. Using NIH Image software, we measured the pronotum width and forceps length, with the last being measured as the mean of the left and right parts. All morphological measurements were made blindly with respect to immunological measurements. In total, we measured 308 males and 306 females.
E NCAPSULATION ASSAY
To measure the encapsulation rate, earwigs were chilled on ice for 20 min, after which a 2-mm long piece of nylon monofilament (diameter 0.18 mm) was inserted into the earwig's haemocoel through a puncture in the pleural membrane between the second and third sternite. The surface of the monofilament was roughed by rubbing it with sandpaper before use; this treatment enhanced the likelihood that haemocytes would stick to the implant. The earwig's immune system was allowed to react to this object for 5 h, while earwigs were maintained individually in plastic vials at 28 ± 1 ° C. The implant was then removed and frozen. The removed monofilament was photographed under a light microscope with a digital video recorder from three different angles. The pictures were then analysed using NIH Image software. The encapsulation rate was analysed as grey values of reflected light from the implants. Because smaller grey values indicate higher encapsulation rates, the results appear confusing. For this reason, we transformed the data so that the darkest grey values correspond to the highest encapsulation rates. We performed this transformation by subtracting the observed grey values from the control grey value (clear implant). This measure is highly repeatable (Rantala et al ., 2002) . The encapsulation process is associated with a visible melanization of the formed capsule (Ratcliffe et al ., 1985; Götz, 1986; Lackie, 1988) . Thus, the implant's darkness reflects a combination of cellular encapsulation and degree of melanization, with higher values indicating a stronger encapsulation response.
L YTIC ASSAY
Because the encapsulation assay affects lytic activity in the haemolymph (unpublished), we measured lytic activity from different individuals than those used in the encapsulation assay. To measure lytic activity of the haemolymph, we collected 1 µ L of haemolymph from a puncture in the earwig's abdomen. We assayed lysozyme activity of haemolymph against Micrococcus lyseoidikus turbidometrically, using a method modified from Rantala & Kortet (2003 . We mixed 200 µ L of 0.35 mg mL − 1 freeze-dried M. lyseoidikus buffered (pH 6.4) solution with 50 µ L 1 : 49 buffered haemolymph (pH 6.4) in a plastic multicuvette (Labsystems cliniplate). The mixture absorbance at 492 nm was then measured at 20 ° C at 1-min intervals for 30 min with a plate reader. Lytic activity was expressed as total change in absorbance (Rantala & Kortet, 2003 . All samples were analysed in random order. To control for the typical decline in turbidity due to settling, we used six blank controls in each plate. The mean change in optical density of blank samples was subtracted from each experimental reading.
S TATISTICAL ANALYSIS
The study aimed to address how the predictor variables (sex, body mass, pronotum width, forceps length) are related to either measure of immune defence. In particular, we wished to test for a relationship between forceps length and immune function after accounting for the possible confounding influence of the other variables. To identify the individual contributions and the influence of interactions among the predictor variables, we used three modes of stepwise regression: backwards deletion, forwards inclusion, and 'both-ways' selection. Backwards deletion proceeds by first including all terms in the model and then sequentially deleting those terms that do not contribute significantly to the regression. Forwards inclusion works in the opposite direction, beginning with a model with the single predictor variable that accounts for most of the variance. Addition of components to the model proceeds by the sequential addition of a variable within the remaining set and stops when the addition no longer satisfies an input criterion. In both these methods, a variable that is eliminated from (backwards deletion) or added to (forwards inclusion) the model is not considered in future tests. In both-ways selection, the inclusion or deletion of any of the parameters can occur at each step. The procedure commences with an initial model, such as the saturated model, but then sequentially adds or deletes terms until some criterion is satisfied. The decision to include or exclude a term in any of the three methods is based on some measure of the additional decrease in residual variance accounted for by the relevant variable. We used S-PLUS, which monitors the change in Akaike's Information Criterion (AIC). The change in the value of AIC used to stop the stepping process is arbitrary and, as is generally followed, the default value in S-PLUS is liberal, and assumes that it is better to include marginal effects rather than omit potentially contributing variables. The resulting mod-els from these three types of stepwise regression are frequently not the same, and hence a second technique is required to discriminate among the three candidate models. In the present analysis, backwards and bothways selection produced the same final model, which differed from that produced by forwards inclusion. We selected between the two candidate models using crossvalidation.
The basic approach of cross-validation is to set aside a portion of the data (called the test set) and use the remainder (called the training set) to estimate the regression. This regression equation is then used to predict the values of the data points in the test set: fit is judged by the correlation between the predicted and observed values in the test data set. There are several ways to implement cross-validation. In the present case, we used a randomly selected 10% of the data to be the test set and repeated this 1000 times. Specifically, to implement this type of cross-validation, following the coding given by Roff (2005) , we proceeded as follows:
1. We randomly selected 10% of the data set to use as the test set. 2. We fitted the two candidate models to the remaining 90% of the data.
For each model, we calculated the predicted values
for the test set, calculated the two residual sums of squares and retained these values as pairs. 4. Steps 1-3 were repeated 1000 times. 5. Because the paired residual sums of squares originate from the same training and test sets, the set of paired residual sums of squares can be compared using a paired t -test.
RESULTS
Forceps length is greater in males than females but, in the Riverside population of F. auricularia , there is no evidence of forceps dimorphism ( Fig. 1 ; an analysis of residual variation also showed no evidence for dimorphism). We therefore did not include dimorphism as a possible predictor variable in the following analyses.
To investigate the possible confounding effects of overall body size on the relationship between immunocompetence and forceps length, we used stepwise multiple regression using forwards inclusion, backwards exclusion and both-ways stepping. Backwards exclusion and both-ways stepping gave the same answer but these were different from the final model obtained using forwards inclusion. In the case of encapsulation rate, forwards inclusion produced a model that included all additive terms and virtually all interactions: the model was highly significant ( F 19,301 = 2.478, P = 0.0007), but accounted for only 13.53% of the variance. By contrast, forwards inclusion produced a model that included only the single terms sex and body mass: this model was also highly significant ( F 2,318 = 9.523, P = 0.0001) and explained 5.65% of the variance. Although the latter model accounts for less than half the variance accounted for by the former model, this cannot be taken as a valid method of comparison because the former model includes many more terms. To decide between the two contending models, we used ten-fold cross-validation with 1000 iterations (details provided in the Method section). This analysis showed a highly significant difference between the models ( t 999 = 5.928, P < 0.0001) with the forwards Pronotum width (mm) inclusion model being significantly superior. According to the forwards inclusion model, males show a larger encapsulation rate than females and encapsulation rate declines with body mass (Table 1) . For lytic activity, as with encapsulation rate, both-ways selection produced a more complex model than forwards inclusion. The final model from bothways selection included all single-term variables except head width and two pairwise interactions, with the model being highly significant ( F 6,284 = 4.86, P < 0.00001) and accounting for 9.32% of the variance. Forwards selection gave a final model that was significant ( F 3,287 = 6.47, P = 0.0003) and explained 6.33% of the variance. Cross-validation showed that the two models differed significantly ( t 999 = 7.89, P < 0.0001), with the both-ways model being superior. Overall, males showed a higher lytic activity than females but the model included an interaction between forceps length and sex making interpretation of the effect of forceps length difficult (Table 1) . Therefore, we ran two separate models using the predictor variables, body mass, forceps length, pronotum width, and the interaction mass × pronotum width. Both models were significant ( P < 0.01) and accounted for 9% (males) and 11% (females) of the variance. The effect of body size is somewhat difficult to discern because, in both models, the single terms 'body mass' and 'pronotum width' have positive coefficients but the interaction term 'body mass × pronotum width' is negative. Inspection of the response surfaces produced using the predictive equations showed that, in both sexes the overall response is for lytic activity to increase with body size (increased body mass or pronotum width). However, in females, lytic activity increased with forceps length whereas, in males, it decreased with forceps length. This suggests that, in females, individuals with relatively long forceps showed enhanced lytic activity whereas the reverse occurred in males. To further examine this hypothesis, we constructed the multiple regression equation of forceps length on sex, pronotum width, body mass, and the interactions among these ( R 2 = 0.863, F 7,283 = 254.6, P < 0.0001). Using this regression we generated the residuals of forceps length and regressed lytic activity against these residuals separately for each sex. For females, there was no significant regression between residual forceps length and lytic activity (F 1,144 = 0.21, P = 0.6473) but, for males, there was a highly significant negative regression (F 1,143 = 7.28, P = 0.0078). These results show that lytic activity in females is primarily, if not solely, a consequence of body size whereas, in males, lytic activity is positively correlated with body size but negatively correlated with the relative length of the forceps.
DISCUSSION
In many recent studies on invertebrates, secondary sexual ornaments preferred by females were found to be positively associated with male immune function (Rantala et al., 2000; Ryder & Siva-Jothy, 2000; Rantala & Kortet, 2003; Ahtiainen et al., 2004) . Surprisingly, in the present study, we did not find any correlation between the size of the sexually selected ornament, the length of forceps, and encapsulation response in either sex. The lack of a correlation between encapsulation response and the size of male forceps is significant because, in previous studies with F. auricularia, it forceps length was highly condition-dependent, with macrolabic males arising only on a high-protein diet (Tomkins, 1999) .
Interestingly, we found that, in F. auricularia, the encapsulation rate was negatively correlated with body mass and body size in both sexes. This is also significant because some previous studies in F. auricularia suggest that not only is female choice important, but also that intrasexual selection is significant in competition for copulations by male earwigs, and acts on body size (Forslund, 2000) . These results suggest that, in F. auricularia, intrasexual selection does not favour males with a higher encapsulation rate. This is contrast to previous studies in insects (Koskimäki et al., 2004; . However, the negative correlation between body size and encapsulation is consistent with the findings of a study on the cricket, G. bimaculatus, in which was found a negative correlation between body mass and encapsulation response (Rantala & Roff, 2005) . It is possible that, in F. auricularia, mating strategy varies with size, with small males perhaps investing less in immune defence and adopting a sneaker strategy, and larger males, which are superior in their fighting ability, investing more in mating effort at the expense of disease resistance, in terms of encapsulation response. For lytic activity, the situation is more complex because lytic activity increased with overall size but decreased with relative forceps length in males whereas, in females, there was no effect of forceps length after taking into account overall size, suggesting a different selection pressure for each sex. To our knowledge, this is a novel finding. In insects, the fat body synthesizes antimicrobial peptides, such as lytic enzymes (Hetru, Hoffman & Bulet, 1998) and may limit the rate of synthesis. Thus, large body size may reflect good overall condition and hence a high lytic activity. On the other hand, male earwigs in good body condition may grow large but, at the same time, allocate a disproportionate amount of energy to the growth of the forceps, which might then compromise their relative lytic activity. The negative correlation between sexually selected ornament and immunity in males is consistent with findings in G. bimaculatus, in which the sexually selected components in courtship songs, high tick rate, and long high-frequency tick duration were found to be negatively correlated with lytic activity in the male haemolymph (Rantala & Kortet, 2003) . The positive correlation between body mass and lytic activity is consistent with the finding of a positive correlation between body mass and lytic activity in G. bimaculatus (Rantala & Roff, 2005) .
Our study indicates that, in F. auricualaria, the size of the sexual selected ornament, forceps, does not reliably reflect good innate immunity. It is possible that sexually selected ornaments that are also used as weapons do not follow the general pattern and their function in intrasexual contests is more important than their indicative function. However, it is important to note that our results do not suggest that the immunecompetence handicap could not work in F. auricularia. With regard to the prediction concerning the sexually selected trait and the strength of the immune response, there is no clear prediction for correlative studies (Roberts, Buchanan & Evans, 2004) . Based on the initial idea of a trade-off between immunity and sexually selected ornaments (Folstad & Karter, 1992; Sheldon & Verhulst, 1996) , high investment to sexually selected ornaments might lead to low immunocompetence and negative correlations between sexually selected traits and immune defence. Alternatively, individuals in good body condition may be able to invest more on immune defence and sexual ornamentation at the same time, which would lead to a positive correlation between a sexually selected trait and immune defence (Rantala et al., 2003b) . Thus, the main predictions of the immune handicap hypothesis can only be tested with experimental treatment rather than correlations (Roberts et al., 2004) , or with an analysis of benefits of female choice of ornamented males with regard to offspring immunity (Kurtz & Sauer, 1999) .
In many vertebrate species, males suffer more from parasitic infections and also tend to have reduced immune responses than females (Zuk & McKean, 1996; Møller, Sorci & Erritzoe, 1998) . The proximate mechanism for this pattern is usually suggested to be the detrimental side-effects of testosterone on immunity (Folstad & Karter, 1992; Zuk & McKean, 1996) . The ultimate mechanism for sex differences in immune function has been suggested to be differential selection on the sexes favouring different investment levels in immune defence (Zuk, 1990; Zuk & McKean, 1996; Rolff, 2002) . Thus, the disparity in how sexes allocate resources is thought to result in sexual dimorphism in immune defence, even among taxa lacking testosterone (Zuk & Stoehr, 2002) . However, Sheridan et al. (2000) found no sex differences in parasite infections among arthropod hosts. Efforts to examine the sex differences in immune function in invertebrates have met with mixed results; although many studies have found that males have lower immune defence than females (Rheins & Karp, 1985; Nigam et al., 1997; Gray, 1998; Radhika et al., 1998; Wedekind & Jacobsen, 1998; Kurtz & Sauer, 1999 , 2001 Kurtz et al., 2000; Adamo, Jensen & Younger, 2001; Rolff, 2001; Vainio et al., 2004) , many studies have found no sex difference in immune defence (Gillespie & Khachatourians, 1992; da Silva, Dunphy & Rau, 2000; Yourth, Forbes & Smith, 2001 , 2002a Rantala & Roff, 2005) and sometimes males have even higher immune defence (Siva-Jothy & Thompson, 2002; Fedorka et al., 2004; Zuk et al., 2004) . In the present study, we found that male earwigs have a stronger encapsulation rate and lytic activity than females, suggesting that male earwigs have a stronger immune defence than females. Because fights may lead to injury and wound healing is associated with the prophenoloxidase system in insects, males might be selected to invest more on immune function than females. Thus, the present study does not support the hypothesis that females are more 'immunocompetent' than males. Clearly, more studies are needed in this field.
